Owing to its simple chemistry, H + 3 is widely regarded as the most reliable tracer of the cosmic-ray ionization rate in diffuse interstellar clouds. At present, H + 3 observations have been made in over 50 sight lines that probe the diffuse interstellar medium (ISM) throughout the Galaxy. This small survey presents the opportunity to investigate the distribution of cosmic-ray ionization rates in the ISM, as well as any correlations between the ionization rate and line-of-sight properties. Some of the highest inferred ionization rates are about 25 times larger than the lowest upper limits, suggesting variations in the underlying low-energy cosmic-ray flux across the Galaxy. Most likely, such variations are caused predominantly by the distance between an observed cloud and the nearest site of particle acceleration.
Introduction
Chemistry in the molecular interstellar medium (ISM) is thought to be driven primarily by rapid ion-molecule reactions [1, 2] . This scheme requires an ionization mechanism, and as the flux of ionizing photons is severely attenuated by atomic hydrogen, cosmic rays fill the role. Because the chemical pathways leading to many small molecules are initiated by cosmic-ray ionization, such molecules have often been used in inferring the cosmic-ray ionization rate. Over the past few decades, estimates have ranged anywhere from a few times 10 −18 s −1 [3] up to 7 × 10 −14 s −1 [4] . Since the initial detection of H + 3 in the ISM [5] , this species has widely been regarded as the most direct and accurate tracer of the cosmic-ray ionization rate owing to its simple chemistry (see below).
Taking advantage of this property, we have made observations searching for absorption lines of H + 3 in over 50 sight lines throughout the Galaxy that are thought to probe diffuse molecular gas [reported in 6] . This affords us the opportunity to investigate the distribution of cosmic-ray ionization rates in the Galaxy, and to search for any correlation between the ionization rate and other line-of-sight properties. 
H +

chemistry
The formation of H + 3 in the interstellar medium begins with the ionization of H 2 by cosmic rays .3) is about two orders of magnitude larger than those for proton transfer to O and CO, whereas the O abundance is only about twice that of electrons [7] , and the CO abundance is about two orders of magnitude less than that of electrons. As a result, H + 3 chemistry in diffuse clouds is well approximated by a single formation mechanism-cosmic-ray ionization-and a single destruction mechanism-dissociative recombination with electrons.
Overview of observations
Conditions in the diffuse molecular ISM (T ∼ 70 K, n ∼ 200 cm −3 ) are such that only the two energetically lowest quantum states of H + 3 -the (J , K ) = (1, 1) and (1, 0) states-are expected to be significantly populated. As such, determining the column density in both of these states will give the total H u and R(1, 0) transitions together probe the entire H + 3 column density, and because they can very easily be simultaneously observed, these are the two most frequently targeted transitions. In executing observations of H + 3 , we have used a variety of instrument/telescope combinations, including Phoenix at both KPNO and Gemini South, CGS4 at UKIRT, NIRSPEC at Keck, IRCS at Subaru (can simultaneously observe all five aforementioned transitions) and CRIRES at VLT (can simultaneously observe the three R-branch transitions). Some example spectra are shown in figure 1. 
Inferring the ionization rate
Given the chemistry described earlier, a steady-state equation can be set up to balance the formation and destruction of H
where z 2 is the ionization rate of H 2 , n(H 2 ) is the H 2 density, n(H
density, n e is the electron density and k e is the H + 3 -electron recombination rate coefficient. This equation can be recast in terms of the number density of hydrogen nuclei, n H ≡ n(H) + 2n(H 2 ), electron fraction, x e ≡ n e /n H , and column densities of H 2 and H
which is a rather robust approximation for the cosmic-ray ionization rate in diffuse molecular clouds [6] . In order to determine z 2 from equation (4.2), we use H + 3 -electron recombination rate coefficients as determined from storage ring experiments [8] [9] [10] , electron fractions as approximated by observed interstellar C + abundances [11] , hydrogen densities inferred from the analysis of molecules such as C 2 [12] , H 2 column densities determined either directly from UV observations of H 2 [13] or from empirical relations with molecules such as CH [14] , and H + 3 column densities derived from our observations. A more detailed discussion of these calculations and their associated uncertainties is available [6] if the reader is interested.
Distribution of cosmic-ray ionization rates
By using the preceding analysis on a sample of 50 diffuse cloud sight lines where H + 3 observations have been made, we find cosmic-ray ionization rates in the range (1.7 ± 1.3) × 10
is detected, and 3s upper limits as low as z 2 < 0.4 × 10 −16 s −1 in sight lines with non-detections. From these results, we determine the probability density function for the cosmic-ray ionizaton rate in our sample by treating detections as Gaussian functions with mean and standard deviation equal to the inferred ionization rates and 1s uncertainties, and non-detections as Gaussian functions with mean equal to zero and standard deviation equal to 1s upper limits. These functions are then truncated at 10 −17 s −1 on the low side-it is reasonable to assume that the ionization rate does not pass below some 'floor' value set by the continuous diffusion of energetic particles throughout the Galactic disc-and re-normalized so that the area under each curve above 10 −17 s −1 is equal to 1. All truncated Gaussians are then added together, and the final distribution is again normalized to have an area equal to 1. The results of this analysis are shown in figure 2.
(a) Global distribution Figure 2a shows the probability density function, f (z 2 ), of cosmic-ray ionization rates, such that the probability of z 2 being in any particular range is given by
Note that the solid curve is for the full sample of 50 sight lines in figure 2a-c, whereas the dashed and dotted curves refer to specific spatial regions described later. The logarithmic x-axis makes it difficult to tell 'by eye' which ionization rates are most probable in figure 2a, so we have scaled f (z 2 ) by z 2 in figure 2b to show this more clearly. By integrating z 2 f (z 2 ), we find the mean value of the cosmic-ray ionization rate to be 3. Figure 2c shows the cumulative distribution function, F (z 2 ), which gives the probability that the ionization rate is below a particular value.
(b) Local distributions
Aside from the distribution functions calculated for the entire diffuse cloud sample, figure 2 also shows distribution functions determined for two regions of the sky: the Ophiuchus-Scorpius region (dotted curves); and the Per OB2 association (dashed curves). At present, these region-specific distributions are based on a small number of sight lines and may not be statistically meaningful, but they demonstrate the type of analysis we hope to perform in the future with high signal-to-noise ratio (S/N) observations towards many more sight lines in both regions. 
F(z 2 ) Figure 2 . In all panels, the solid curve is for the full sample of diffuse molecular cloud sight lines, the dashed curve is for six sight lines in the Per OB2 region (z Per, X Per, o Per, BD +31 643, x Per and 40 Per) and the dotted curve is for four sight lines in the Ophiuchus-Scorpius region (o Sco, r Oph D, HD 147889 and c Oph). (a) Probability density function, f (z 2 ), found by combining inferred ionization rates and upper limits. This is defined such that the probability of the cosmicray ionization rate being in any particular range is given by P(a ≤ z 2 ≤ b) = b a f (z 2 )dz 2 (the y-axis is scaled to show structure in the full sample and Per OB2 region curves and is insufficient to show that f (z 2 ) for the Ophiuchus-Scorpius region peaks at 43.4 and decreases monotonically). (b) Probability density function multiplied by the ionization rate, z 2 f (z 2 ). This allows one to see 'by eye' what portion of f (z 2 ) carries the largest probability given the logarithmic x-axis. The vertical dashed line shows the mean value of z 2 = 3.5 × 10 −16 s −1 , and the shaded region is the smallest range of ionization rates in log space that contains 68.3% of the area under the probability density function for the full sample. some of the smaller upper limits on z 2 in our entire sample, as is evident from where the 'weight' of z 2 f (z 2 ) is in this region compared with the full sample. It is interesting that these low upper limits come from sight lines that probe some of the interstellar material closest to the Sun in our sample-all of these background sources are only 100-200 pc away-and are consistent with the ionization rate of a few times 10 −17 s −1 predicted by the local interstellar cosmic-ray spectrum [15] .
(ii) Per OB2 association Sight lines used for the Per OB2 analysis include z Per, X Per, o Per, BD +31 643, x Per and 40 Per, and the relative positions of these targets are shown in figure 3 . Of these, z Per and X Per show absorption from H + 3 , while the rest do not. Ionization rates inferred for z Per and X Per are (5.6 ± 3.2) × 10 −16 s −1 and (5.9 ± 3.5) × 10 −16 s −1 , respectively, whereas 3s upper limits for the other four sight lines are in the range (1.5-6) × 10 −16 s −1 . The two detections are responsible for the right-hand peak in the dashed curve in figure 2b , whereas the four non-detections are responsible for the left-hand peak.
Taking the Per OB2 association to be at a distance of about 300 pc [16, 17] , the angular separation of 0.88
• between z Per and X Per corresponds to a physical distance of 4.6 pc in the plane of the sky between the two sight lines. Both sight lines show similar absorption profiles, gas velocities and H + 3 column densities, making it likely that they probe material in the same extended cloud. 10.5 pc away from z Per (and 13.2 pc away from X Per) is o Per, which does not show any H + 3 absorption. Molecular hydrogen column densities reported for z Per and o Per are nearly identical [18] , and parallactic measurements from HIPPARCOS [16, 17] show o Per to be at a distance of about 450 pc-farther than z Per at 300 pc-so all foreground gas towards z Per should also be probed by o Per. While this analysis is not definitive, it seems to suggest that the cosmic-ray ionization rate varies on a size scale of about 10 pc.
An intriguing possible explanation for the higher ionization rates found towards z Per and X Per is their proximity to the recently discovered g-ray pulsar PSR J0357 + 3205 [19] . Pulsars are thought to accelerate cosmic rays, and such an object could enhance the cosmic-ray flux in the surrounding environment. The position of this pulsar is marked by the cross in figure 3 , and it is clearly closer to z Per and X Per than any of the other sight lines. Although the (uncertain) distance estimate to PSR J0357+3205 is 500 pc-behind z Per-the maximum possible absorbing column determined from Chandra observations [20] corresponds to E(B − V ) = 0.22 (compared with E(B − V ) = 0.31 for z Per), suggesting the pulsar lies in the gas probed by z Per and X Per. This is also supported by the estimated ambient density of several hundred per cm 3 that would be necessary to hide the pulsar wind termination shock, which is not seen in X-rays [20] .
Discussion
It is clear from the global distribution function of cosmic-ray ionization rates that z 2 varies by over two orders of magnitude in the diffuse molecular ISM. This is in stark contrast to the prediction that the ionization rate should be relatively uniform throughout the Galactic disc owing to the constant diffusion of energetic particles [15] . However, this model of uniform cosmic-ray flux applies mainly to particles with E 100 MeV, which have ranges above 10 24 cm −2 [21] . Less energetic particles, 2 MeV E 10 MeV, can only traverse columns of 10 20 and 10 21 cm −2 , respectively, before losing all of their energy. Because the cross section for H 2 ionization is much higher for these low-energy cosmic rays, they are the most important in controlling z 2 . As such particles may not travel very far from their acceleration sites, sight lines probing material near regions of cosmic-ray acceleration may be expected to show higher ionization rates than elsewhere.
A test of this hypothesis was performed via observations of H is detected probe material that either is interacting with or has recently interacted with the expanding supernova remnant shock, whereas the other four sight lines do not [23] . This nicely explains the varied results from the H + 3 analysis if we assume that only the sight lines with tracers of shock interaction have experienced the enhanced flux of cosmic rays accelerated by the supernova remnant. Together, these findings suggest that proximity to a site of particle acceleration is important in determining the cosmic-ray ionization rate, and that z 2 can vary substantially on length scales of a few parsecs.
Summary
Observations searching for H + 3 absorption lines in 50 diffuse molecular cloud sight lines have provided striking results regarding the distribution of cosmicray ionization rates. The largest inferred ionization rates are 25 times higher than the lowest 3s upper limits, and the distribution of ionization rates may vary depending on location in the Galaxy. Ionization rates inferred from detections of H + 3 in material known to be interacting with the supernova remnant IC 443 are the highest found in the Galactic diffuse ISM to date, and point to supernova remnants as particle accelerators. Given all of these findings, z 2 is most likely predominantly controlled by the proximity between a site of cosmic-ray acceleration and an observed cloud.
